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INTRODUCTION
The resurgence in interest in thermally and optically switchable spin-crossover materials [1] in the 1990s was originally driven by the demonstration of their potential for use in display and memory devices [2] . More recently attention has turned to other potential applications for the spin-crossover phenomenon, with several groups preparing multifunctional spincrossover materials that combine a thermal spin-transition with another physical property [3] .
Examples include salts of spin-crossover cations with metal/dithiolene anions, that can combine spin-crossover with electrical conductivity [4] ; magnetic metal/oxalate framework structures with included spin-crossover cations [5, 6] ; and nanoporous metal-organic frameworks constructed with spin-crossover centres, whose spin-state behaviour is sensitive to the addition or removal of guest solvent [7, 8] . These studies have tended to employ a small selection of spin-crossover cation centres, that are robust in solution and can be crystallised in the presence of potentially coordinating anions. One of these is 2 ] 2+ (3-bpp = 2,6-bis[1H-pyrazol-3-yl] pyridine), whose salts have been shown to undergo a variety of thermal spin-state transitions that often show a strong solvent dependence [6, [9] [10] [11] . Unusually for a complex of this type, 2 ] 2+ is stable in aqueous solution at room temperature [11] , which facilities the preparation of new salts of this cation by anion metathesis.
We report here four new salts of 2 ] 2+ , with cyanometallate, thiocyanometallate or BPh 4 -anions. The cyanometallate and thiocyanometallate salts were prepared with a view to examining their fluorescence. There is some indication in the literature that the high-and lowspin states of a compound might have different emissive properties [12] , and some groups (including ourselves) have succeeded in combining spin-crossover and fluorescence in the same material, albeit not always at the same temperatures [13] . By analogy with the conducting double salts mentioned in the previous paragraph [4] , we reasoned that combining a spin-crossover cation with a fluorescent cyanometallate anion [14, 15] might be a way of achieving that goal. The nucleophilicity of cyanometallate species [16] , and the lability of high-spin iron(II) centres, makes the crystallisation of such double salts a challenge. Hence, while network structures constructed from cyanometallate centres are an important class of spin-crossover material [8, 17, 18] , the only previously reported discrete salt of a spincrossover cation with a cyanometallate anion is , 3096m, 2149, 1615m, 1573m, 1562m, 1540w, 1532m, 1515m, 1435s, 1353m, 1304w, 1281m, 1230w, 1165w, 1148m, 1105w, 1083w, 1068m, 1025w, 996m, 929m, 883m, 841m, 764s, 615m 3094m, 2147s, 1618m, 1572m, 1561m, 1542w, 1531m, 1513m, 1436s, 1407w, 1352s, 1307w, 1278m, 1232m, 1169w, 1148m, 1105w, 1083w, 1066m, 1028w, 995m, 929m, 883m, 832m 1573s, 1514m, 1435s, 1353s, 1305m, 1282m, 1233m, 1169m, 1149s, 1104w, 1084m, 1065s, 1019w, 994s, 960w, 927m, 877s, 810s, 767s, 738m, 692w, 667m, 614s 3513w, 3387s, 3346s, 3143m, 3119m, 3054w, 3031w, 1950br w, 1884br w, 1826br w, 1647br w, 1609m, 1579m, 1507w, 1497w, 1531w, 1359s, 1303w, 1274m, 1216m, 1090m, 1065m, 1032m, 991m, 971w, 960w, 931m, 916w, 864w, 845m, 812m, 775s, 744s, 737s, 709s, 670w, 642w, 628w, 610m cm -1 .
Single crystal X-ray structure determinations
Orange-brown plates of 1·H 2 O and 2·H 2 O were grown by slow diffusion of diethyl ether vapour into solutions of the compounds in 2,2,2-trifluoroethanol. A similar vapour diffusion into a solution of 4·xH 2 O in nitromethane afforded large yellow needles of
Diffraction data were measured using a Bruker X8 Apex diffractometer fitted with an Oxford Cryostream cooling device, using graphitemonochromated Mo-K  radiation ( = 0.71073 Å) generated by a rotating anode. The structures were all solved by direct methods using SHELXS97 [22] , then developed by least squares refinement on F 2 with SHELXL97 [22] . All crystallographic figures were prepared using X-SEED [23] , which incorporates POVRAY [24] . Experimental details from these structure determinations are summarized in Table 1 . (36), were modelled as a disordered water molecule.
In 1·H 2 O, all the non-H atoms except the partial water sites were refined anisotropically, while for 2·H 2 O the wholly occupied non-H atoms plus the half-occupied gold atom Au (42) were refined anisotropically. All C-and N-bound H atoms in both structures were placed in calculated positions and refined using a riding model. The water H atoms could not be located in the Fourier map and so were not included in the final model, but are accounted for in the density and F000 calculations. The highest residual Fourier peak for 1·H The unit cell of 4·2CH 3 NO 2 ·(C 2 H 5 ) 2 O contains one formula unit, with each moiety lying on a general crystallographic position. No disorder was detected during refinement of this structure, and no restraints were applied. All non-H atoms were refined anisotropically, while H atoms were placed in calculated positions and refined using a riding model.
Other measurements.
Electrospray mass spectra were obtained using a Waters Micromass ZQ4000 spectrometer from MeCN solution. CHN microanalyses were performed by the University of Leeds Department of Chemistry microanalytical service. Infra-red spectra were obtained as nujol mulls pressed between NaCl windows between 600-4,000 cm -1 , using a Nicolet Avatar 360
spectrophotometer. Magnetic susceptibility measurements were obtained using a Quantum
Design SQUID magnetometer in an applied field of 1000 G. Diamagnetic corrections were estimated from Pascal's constants [25] , and a diamagnetic correction for the sample holder was also applied. Magnetochemical calculations and graph preparation were carried out using SIGMAPLOT [26] .
RESULTS AND DISCUSSION
An aqueous solution of <Insert Figure 1 and Table 2 proceeds to > 90 % completeness, with only a small residual fraction of the samples being kinetically trapped in their high-spin state at very low temperatures [28, 29] . at room temperature (ca. 65 % low-spin) is also consistent with its dark orange colouration [9] . There is a clear discontinuity in the susceptibility data near room temperature, which implies there are two distinct iron populations in the sample undergoing spin-crossover over different temperature ranges (Fig. 6) . Discontinuous spin-crossover can arise from a crystallographic phase change [28, 31] or order:disorder transition [32], or from the existence of multiple lattice sites that undergo spin-crossover at different temperatures [33] . However, the discontinuity in 4·xH 2 O is not easily explained on the basis of the solvate crystal structure, which only has one unique iron environment in its asymmetric unit. We suggest that the discontinuity may reflect the approximate half-equivalent of lattice water in the sample, which could hydrogen bond to a fraction of the iron sites in the material. The complex molecules associated with the lattice water would undergo spin-crossover at a different, probably higher, temperature from those that are not [9, 11] .
-can show visible luminescence upon irradiation in the UV, in the solid state or in concentrated solutions. This arises from metalbased d z 2→p z excitations within chains of these centres linked by argentophilic or aurophilic bonding [14, 15, 21, 34] . While many such compounds are only emissive below 200 K in the solid state, significant emission at room temperature can also be sometimes observed [21, 34] . Hence the [M 3 (CN) 6 ] 3-centres in 1 and 2 ( Fig. 1) mean that those materials, at least, had potential to show luminescent behaviour. However, no emission was observed from either compound at room temperature upon irradiation at 254 nm.
CONCLUSION
The very gradual nature of spin-crossover in 1-4 is unusual for salts of crossover, to accommodate a tilting of the nitroprusside anions in the low-spin state [19] .
Since reliable structural data for 1 and 2 at higher temperatures could not be obtained, it is unclear whether a comparable phase change is involved in their spin-crossover. In any case, however, the absence of any direct hydrogen bonding or strong - interactions between the iron centres in 1 and 2, and the increased rigidity of their lattices induced by Ag...Ag or Au...Au bonding, are both consistent with the observed poorly cooperative spin-crossover [35] . The gradual spin-crossover behaviour of 4 is less surprising, given the encapsulation of each cation by the anions in the lattice (Fig. 5) . Gradual spin-crossover is common in BPh Table 2 . Selected bond lengths (Å) and angles (°) in the single crystal X-ray structures in this work. The atom numbering scheme shown in Figure 1 is used for all three structures.
Symmetry code (i): -x, -y, -z. Table 3 . Hydrogen bonding parameters in the single crystal X-ray structures in this work (Å,°)
. The symmetry codes are the same as in Fig. 1 
